Results from a numerical study of fluctuation dynamo in a collisionless, weakly magnetized plasma are presented. The key difference between this dynamo and its magnetohydrodynamic (MHD) counterpart is the adiabatic production of magnetic-field-aligned pressure anisotropy by the amplification of a weak seed field. This in turn drives kinetic instabilities on the ion-Larmor scale-namely, firehose and mirror-which sever the adiabatic link between the thermal and magnetic pressures, thereby allowing the dynamo to proceed. After an initial phase of rapid growth driven by these instabilities, the magnetic energy grows exponentially and exhibits a k 3/2 spectrum that peaks near the resistive scale, similar to the large-magnetic-Prandtl-number (Pm ≫ 1) MHD dynamo. The magnetic field self-organizes into a folded-sheet topology, with direction reversals at the resistive scale and field lines curved at the parallel scale of the flow. The effective Pm is determined by whether the ion-Larmor scale is above or below the field-reversing scale: in the former case, particles undergo Bohm-like diffusion; in the latter case, particles scatter primarily off firehose fluctuations residing at the ends of the magnetic folds, and the viscosity becomes anisotropic. The magnetic field ultimately saturates at dynamical strengths, with its spectral peak migrating towards larger scales. This feature, along with an anticorrelation of magnetic-field strength and field-line curvature and a gradual thinning of magnetic sheets into ribbons, resemble the saturated state of the large-Pm dynamo, the primary differences manifesting in firehose/mirror-unstable regions. These results have implications for magnetic-field growth in the weakly collisional intracluster medium of galaxy clusters.
INTRODUCTION
The Universe is magnetized. While magnetic-field strengths of just ∼10 −18 G are required to achieve this both in our Galaxy and in clusters of galaxies, 1 observations of Faraday rotation, Zeeman splitting, and synchrotron emission all make the case for ubiquitous ∼µG fields (e.g., Beck et al. 1996; Carilli & Taylor 2002; Beck 2015) . That these systems are not content with hosting weaker fields is surprising, at least until one realizes that the energy density of a ∼µG field is comparable to that of the observed turbulent motions; e.g., the Hitomiobserved velocity dispersion ≈160 km s −1 in the ICM of Perseus (Hitomi Collaboration 2016) matches the Alfvén speed v A ≡ B/ √ 4πm i n for the observed number density n ≈ 0.02 cm −3 if B ≈ 10 µG. It is then natural to attribute the amplification and sustenance of (at least the random component of) the interstellar and intracluster magnetic fields to the fluctuation (or "turbulent") dynamo (Batchelor 1950; Zel'dovich et al. 1984; Childress & Gilbert 1995) , by which a succession of random velocity shears stretches the field and leads on the average to its growth to dynamical strengths.
1 This number is obtained by asking for what magnetic-field strength B is the ion-Larmor radius ρ i ≡ v thi /Ω i roughly 1% of some macroscale of interest L, where v thi ≡ (2T i /m i ) 1/2 is the ion thermal speed, Ω i ≡ eB/m i c is the ion Larmor frequency, T i is the ion temperature, and m i is the ion mass. In the T i ∼ 5 keV intracluster medium (ICM), a typical macroscale is the thermalpressure scale height, L ∼ 100 kpc, and so ρ i 0.01L demands B 10 −18 G. This B also ensures ρ i λ mfp , the collisional mean free path. In the T i ∼ 0.5 eV interstellar medium, the same B ensures ρ i 0.01L for L ∼ 1 kpc.
Despite being one of the most outstanding examples of magnetic self-organization and energy conversion in all of plasma physics, much about the fluctuation dynamo remains elusive (e.g., Brandenburg & Subramanian 2005; Kulsrud & Zweibel 2008) . This is particularly true in weakly collisional plasmas, in which the collisional mean free path is comparable to or even larger than the macroscopic lengthscales of interest. In such systems, changes in magnetic-field strength lead to a fieldoriented bias in the thermal motions of the particles, ∆ ≡ p ⊥ /p − 1, where p ⊥ (p ) is the thermal pressure perpendicular (parallel) to the magnetic field (Chew et al. 1956 ). On large scales, the resulting pressure tensor induces an anisotropic response to the fluid flow (Braginskii 1965) , one which alters the efficacy of magnetic tension and promotes a folded magnetic geometry. On small scales, ∆ serves as a source of free energy for rapidly growing kinetic-scale instabilities, namely firehose (Rosenbluth 1956; Chandrasekhar et al. 1958; Parker 1958; Vedenov & Sagdeev 1958; Yoon et al. 1993; Hellinger & Matsumoto 2000) and mirror (Barnes 1966; Hasegawa 1969; Southwood & Kivelson 1993; Hellinger 2007) , whose growth and saturation impact the structure of the magnetic field and the effective plasma viscosity in a way controlled by the plasma beta parameter, β ≡ 8πnT /B 2 (e.g., Schekochihin et al. 2008; Squire et al. 2017) .
These kinetic instabilities play a vital role in the plasma dynamo, as magnetic-field amplification is otherwise hampered both by phase mixing of the parallel rate of strain (bb : ∇u, whereb ≡ B/B is the magnetic-field unit vector and u is the fluid velocity) and by adiabatic invariance of µ ≡ mv 2 ⊥ /2B. The latter sets stringent constraints on the allowable amount of magnetic-field growth (Helander et al. 2016) , while the former limits the velocity scales that can drive this growth. Fortunately, firehose and mirror saturate by developing sharp features in the magnetic field on ion-Larmor scales, which serve as either particle traps or instigators of pitch-angle scattering (Kunz et al. 2014a; Riquelme et al. 2015; Hellinger & Trávníček 2015) . These processes interrupt phase mixing and, in the case of scattering, break µ-conservation.
In this Letter, we investigate how a weak seed magnetic field can be amplified to dynamical strengths in a turbulent, collisionless plasma, while allowing the plasma to respect bounds placed upon its pressure anisotropy by Larmor-scale kinetic instabilities. This work is complementary to studies of small-scale fluctuation dynamo in large-magnetic-Prandtl-number (Pm ≫ 1) MHD fluids (e.g., Schekochihin et al. 2002b Schekochihin et al. , 2004 Haugen et al. 2004, §F) .
METHOD OF SOLUTION
We present results from two numerical simulations of plasma dynamo using the second-order-accurate, hybridkinetic, particle-in-cell code Pegasus (Kunz et al. 2014b) . The model equations governing the ion distribution function f i (t, r, v) and the electromagnetic fields E(t, r) and B(t, r) are the kinetic Vlasov equation, Faraday's law of induction, and a generalized Ohm's law that assumes quasi-neutrality and includes the inductive and Hall electric fields, a thermo-electric field driven by pressure gradients in the massless electron fluid, and Ohmic (η Ohm ) and fourth-order hyper (η H ) magnetic resistivities (see equations (1)-(4) and (10) in Kunz et al. 2014b) .
Both simulations are initialized with a stationary, spatially uniform, Maxwellian, ion-electron plasma in a triply periodic box of size L 3 , threaded by a random, zero-net-flux magnetic field B 0 with power at wavenumbers kL/2π ∈ [1, 2]. The electrons are assumed isothermal with temperature T e = T i0 , where T i0 is the initial ion temperature. Nearly incompressible turbulence is driven by applying a random, solenoidal, statistically non-helical force F (t, r) to the ions on the largest scales, k F L/2π ∈ [1, 2]. The amplitude of F is chosen such that the steady-state Mach number M ≡ u rms /v thi ∼ 0.1, where u rms is the rms ion flow speed. This amplitude is fixed; the amount of energy accepted by the plasma varies as its impedance self-consistently evolves. The forcing is time-correlated on t corr ≈ (k F u rms ) −1 using an OrnsteinUhlenbeck process, which avoids spurious particle acceleration due to resonances with high-frequency power in, e.g., δ-correlated driving (Lynn et al. 2012) .
The first simulation has β i0 = 10 6 and L/ρ i0 = 16, and focuses on the early production of pressure anisotropy, its regulation by kinetic instabilities, the consequent generation of an effective collisionality, and the impact of these processes on magnetic-field amplification in the "kinematic" phase. It uses 504 3 cells, N ppc = 216 particles per cell, Ω i0 t corr = 16, η Ohm /v A0 d i0 = 12.7, and η H /v A0 d 3 i0 = 13800. The latter two parameters correspond to Rm 2 ≈ 3.2 × 10 4 and Rm 4 ≈ 1.9 × 10 8 , where
is a generalized magnetic Reynolds number for order-h resistivity. The second run focuses on the "nonlinear" regime and the approach to saturation. It uses β i0 = 10 4 , L/ρ i0 = 10, 252 3 cells, and N ppc = 216. These parameters ensure that ρ i is well resolved, even in the saturated state in which β i M 2 ∼ 1 is anticipated. To maximize scale separation, only hyper-resistivity is used in this run, with η H /v A0 d 3 i0 = 6 (Rm 4 ≈ 1.1 × 10 7 ). The viscosity, and thus the Reynolds number Re, is determined selfconsistently by wave-particle interactions and is not an input parameter as in the MHD dynamo. In both runs, the plasma starts well magnetized; a separate publication will focus on the transition between the unmagnetized and magnetized regimes.
In what follows, · ( · p ) denotes a box (particle) average.
RESULTS
The plasma dynamo can be characterized by four distinct stages: (1) an initial period of fast, diffusion-free growth, during which ion-Larmor-scale firehose/mirror instabilities are excited; (2) a reduction in growth rate, leading to steady exponential growth similar to the kinematic regime of MHD dynamo; (3) a non-linear regime, in which the magnetic field becomes strong enough to influence the bulk plasma motion via the Lorentz force; and (4) the saturated state, in which the magnetic and kinetic energies become comparable. Results from both runs are used to elucidate each stage.
3.1. Initial rapid-growth phase (β i0 = 10 6 , t/t corr 5)
Figure 1(a) displays the box-averaged kinetic and magnetic energies versus time for the β i0 = 10 6 run. The kinetic energy saturates within t ≈ t corr and a largescale smooth flow is established. On the average, this flow amplifies the large-scale seed magnetic field, and rapid growth of magnetic energy occurs at kρ i ≈ 0.5-1 (kL/2π ≈ 4-8), adiabatically driving ∆ i > 0 (Figure 1(b) ; see also Figure 2 , t/t corr = 1). Because β i0 ≫ 1, mirror instabilities are readily excited. From the standpoint of these mirror modes, the initial seed field (kL/2π = 1, 2) behaves as a local "mean" field on which they grow with oblique polarization k B×J > k > k B·J (Figure 1 (c), t/t corr 1.5), where
are the characteristic wavenumbers of magnetic-field variation along (k ) and across (k B×J , k B·J ) itself and J = ∇ × B is the current density (see §3.2.1 of S04). Firehose-unstable modes are also triggered on ion-Larmor scales in regions of locally decreasing field and, in concert with mirror-unstable modes, ultimately generate sharp features in the magnetic field that trap and pitch-angle scatter particles. The latter produces an effective collisionality ν eff , which drives ∆ i towards marginal stability ( Figure 2 , t/t corr = 2, 5) and ties the pressure anisotropy to the parallel rate of strain (Figure 1(b) , t/t corr 3). This leads to a Braginskii-like relation, ∆ i ≈ 3bb : ∇u/ν eff , in which a balance obtains between adiabatic production and collisional relaxation, with ν eff Ω i . At the same time that the firehose and mirror instabilities saturate at kρ i 1 with δB/B 0 ∼ 1, the magnetic field acquires energy at sub-ion-Larmor scales due to field-line stretching and folding by the largescale flow (Figure 1(d) , t/t corr 5). The result is a much flatter angle-integrated magnetic-energy spectrum, Figure 3 , t/t corr = 5), than is seen in corresponding Pm ≫ 1 MHD simulations. A change in the dominant magnetic-field topology accompanies this growth, with k B×J > k B · J > k indicating a folded geometry in which the field varies quickly (slowly) across (along) itself (Figure 1(c) , t/t corr 2). 3.2. "Kinematic" phase (β i0 = 10 6 , t/t corr 5)
Eventually, this period of rapid growth ends. Figure 1(b) indicates that the reduction in growth rate is due to two effects. First, an appreciable fraction of the magnetic energy migrates to resistive scales, and magnetic diffusion becomes important. Secondly,bb : ∇u is sharply reduced between t/t corr ≈ 3-5, a feature we attribute to feedback from firehose/mirror fluctuations (e.g., Schekochihin et al. 2008; Rosin et al. 2011; Rincon et al. 2015) and to parallel-viscous damping. Indeed, while |∇u| 2 / u 2 increases substantially in that time interval, |bb : ∇u| 2 / u 2 remains nearly constant (Figure 1(e) ); i.e., the parallel rate of strain is suppressed. That this is concurrent with the development of an angle-integrated kinetic-energy spectrum, Figure 3 , t/t corr = 5, 18), that is Kolmogorov (1941) (i.e., ∝k −5/3 ) suggests that not all fluid motions cascade to the smallest scales; i.e., Re is anisotropic.
Thereafter, B 2 grows exponentially (Figure 1(a) , t/t corr 5), much as in the kinematic-diffusive stage of the large-Pm MHD dynamo (e.g., Schekochihin et al. 2002b) , with a growth rate γ .
corr ≈ u rms /L that becomes comparable at all scales (Figure 1(d) , t/t corr 5). The folded magnetic-field geometry previously established persists (Figure 1(c) ), and M (k) develops a Kazantsev (1968) k 3/2 scaling with a peak near the resistive scale (Figure 3 , t/t corr = 18). Such folded structure, accompanied by ionLarmor-scale irregularities driven by firehose/mirror, is evident in the rightmost panels of Figure 3 , which display pseudo-color images of B/B rms and u/u rms in a representative 2D slice. Suppression of parallel velocity variation is also apparent; while the turbulent velocity field is primarily large-scale, filamentary structures of nearconstant u develop along magnetic lines of force. Thus, there is a dynamical feedback of the magnetic field on the large-scale flow, even in the absence of a dynamically important Lorentz force, belying the "kinematic" moniker.
Because of the continuous energy injection and consequent magnetic-field amplification, along with insufficient scale separation between L and ρ i , exact marginal firehose/mirror stability cannot be maintained and a residual ∆ i ≈ (0.02−0.03) ≫ 1/β i persists for t/t corr 5 (Figure 1(b) ), with the bulk of the plasma approximately following the mirror threshold as β i decreases (Figure 2 , t/t corr = 18). The regulation of ∆ i is imperfect since, in order for saturated firehose/mirror instabilities to tightly regulate the pressure anisotropy near marginal stability, ν eff ∼ Sβ i (Kunz et al. 2014a; Melville et al. 2016) , where S is the parallel rate of strain at the viscous scale (where it is largest). However, at t/t corr = 5, S/Ω i ∼ 10 −2 and β i ∼ 10 5 , thus requiring ν eff ∼ 10
3 Ω i (!) Instead, ν eff ≪ Ω i in the kinematic phase in both simulations, a point we have confirmed both indirectly, by comparingbb : ∇u and ∆ i to infer ν eff ≈ 3 BB : ∇u / B 2 ∆ i , and directly, by calculating the mean time over which µ changes for individually tracked particles (using the method described in Kunz et al. (2014a) and Squire et al. (2017) ). The re- , corresponding to evolution with µ = const.
sult is shown in Figure 4 (d) for β i0 = 10 4 ; qualitatively identical behavior is observed for β i0 = 10
6 . There are two processes that contribute to ν eff , depending upon whether the majority of the particles' gyroradii is above or below the reversal scale of the magnetic field. In the former case, those particles sample several fieldreversing folds during their gyromotion and thus undergo Bohm-like diffusion with ν eff ∼ Ω i . On the other hand, if the majority of particles have gyroradii below the fieldreversal scale and remain well magnetized, then ν eff is determined mainly by pitch-angle scattering off of firehose fluctuations, which populate regions of weak magnetic field where ∆ i < 0.
3 As these regions occur primarily at the bends of the folded fields, we expect ν eff ∼ k v thi , the inverse timescale for a thermal particle to traverse the length of a fold. Both of these contributions may be important, depending upon the structure of the magnetic field and the local magnetization of the plasma. In our runs, we witness only a brief moment in the evolution with ν eff ∼ Ω i , giving way to ν eff ∼ k v thi ≪ Ω i in the kinematic phase. It is only once k v thi ∼ Sβ i that efficient regulation of ∆ i is possible ( §3.3).
One consequence of ν eff ≪ Ω i is an anisotropic viscosity, with Reynolds numbers Re ≡ u rms /(k F η visc ) differing in the parallel and perpendicular directions: Re ≪ Re ⊥ (Braginskii 1965) . While the magnetic-field growth is controlled by Re (since d ln B/dt ≃bb : ∇u ∼ (u rms /L)Re 1/2 ), the viscous cutoff ℓ visc seen in Figure 3 is determined by Re ⊥ through the Kolmogorov rela-3 The mirror instability only weakly scatters particles throughout much of its nonlinear evolution (Kunz et al. 2014a; Melville et al. 2016) . Moreover, in turbulence where S is a fluctuating quantity, the mirror instability is suppressed when β i > Ω/S due to residual firehose fluctuations; see fig. 13 of Melville et al. (2016) .
. Using classical transport theory to estimate the effective perpendicular ion viscosity η visc,⊥ ∼ 0.1ρ
3/4 . Taking M , Ω i , ρ i , and ν eff from the run, we calculate a minimum value of L/ℓ visc ∼ 10 at t/t corr ≈ 5, which grows exponentially to L/ℓ visc ∼ 100 at t/t corr ≈ 18. This roughly agrees with the evolution shown in Figure 3 . Likewise, Re can be calculated using the parallel viscosity for a magnetized plasma,
suggestive of a Pm ≫ 1 dynamo and consistent with the large drop in E(k) at kL/2π ≈ 2. Preliminary Braginskii-MHD dynamo simulations with 1 ∼ Re ≪ Re ⊥ ∼ Rm and −2/β i ≤ ∆ i ≤ 1/β i enforced (e.g., following Sharma et al. (2006) and Kunz et al. (2012) ) exhibit similar spectra and field-anisotropic flow to those presented here.
3.3. Nonlinear regime and saturation (β i0 = 10 4 )
Figure 4(a) shows the evolution of kinetic and magnetic energies for the β i0 = 10 4 run. After evolving through the rapid-growth phase and a brief exponential kinematic phase, the field growth slows to become secular between t/t corr ≈ 12-24 as the Lorentz force begins to affect the parallel-viscous-scale eddies (Figure 3 , t/t corr = 12; cf. Maron et al. 2004; Cho et al. 2009 ). Saturation is ultimately reached with B 2 /4π ≈ m i nu 2 via a reduction ofbb : ∇u (Figure 4(b) , t/t corr 25; S04). 4 The 4 The precise ratio of kinetic and magnetic energies in saturation may be influenced by the choice of Ohmic versus hyper resistivity. In a truly collisionless plasma, neither Ohmic nor hyper resistivity are guaranteed to be suitable replacements for electron-kineticscale physics. That being said, the resistive scale in the hot ICM, which we estimate following Schekochihin & Cowley (2006b) using ℓη ∼ LRm −1/2 with Spitzer (collisional) resistivity, is comparable to the present-day ρ i , much larger than electron scales. u/u rms Figure 3 . Left: Magnetic-and kinetic-energy spectra for β i0 = 10 6 (t/tcorr = 1, 2, 5, 18) and β i0 = 10 4 (t/tcorr = 12, 57). Red arrows denote the wavenumber π/ρ median , where ρ median is the median value of v ⊥ /Ω i . Right: Pseudo-color images of B/Brms and u/urms in a 2D slice during the kinematic phase for β i0 = 10 6 .
ordering k B×J > k B·J > k established in the kinematic phase is preserved (Figure 4(c) ), but the two perpendicular scales become closer to one another in saturation; i.e., the folded sheets evolve towards a ribbon-like structure, as seen in the Pm ≫ 1 MHD dynamo (S04). Despite the box-averaged equipartition between kinetic and magnetic energies, this balance is not scale-by-scale (Figure 3 , t/t corr = 57). Rather, there is an excess of the former at the forcing scales (since E(k) ∝ k −5/3 ) and an excess of the latter at smaller scales (since M (k) ∝ k 3/2 ), although its peak has shifted towards smaller wavenumbers (kL/2π ≈ 5-10) where the resistivity is negligible. It is because the folds exhibit spatial coherence at the flow scale that allows them to exert a back-reaction on the flow via the Lorentz force. Whether the shrinking gap between the parallel-viscous scale and the peak in M (k) persists in higher-resolution simulations is of interest in the context of the intracluster magnetic field, whose spectrum is inferred to peak at scales (∼1 kpc) far larger than the resistive scales (e.g., Vogt & Enßlin 2005) .
As in the β i0 = 10 6 run, the pressure anisotropy becomes Braginskii-like, with ∆ i ∝ BB : ∇u / B 2 > 0 (Figure 4(b) , t/t corr 5) and ν eff ∼ k v thi (Figure 4(d) , t/t corr 5). However, once β i decreases to ∼50 (t/t corr 20), ν eff ∼ Sβ i and ∆ i is regulated close to the firehose/mirror thresholds (Figure 2 , t/t corr = 57).
Figure 5(a) shows the probability distribution function P (K) of the magnetic curvature K ≡ |b · ∇b|. In the MHD case, the tail of P (K) relaxes to a K −13/7 scaling (Schekochihin et al. 2002a ) throughout the kinematic and saturated phases, depending only weakly on Pm (see fig. 25 of S04). While P (K) in the plasma dynamo is peaked at similar values as those found in S04 (KL/2π ≈ 2), it is generally broader, and is dependent upon whether the host plasma is mirror unstable (blue; 54% by volume), firehose unstable (green; 27%), or stable (purple). Regions that are firehose unstable tend to have the largest curvature, for two reasons. First, ∆ < 0 is generically produced in the stretched bends of the field lines, where d ln B/dt < 0 and K is large. The reduction in effective field-line tension by ∆ < 0 reinforces this trend. Secondly, firehose grows fastest at kρ i ∼ 1 and generates sharp kinks in the field lines on these scales. K in mirror-unstable regions is also enhanced by the generation of mirror-shaped field lines. Despite this difference, there remains a strong anti-correlation between B and K in saturation (Figure 5(b) ), with B ∝ K −1/2 similar to the MHD case (cf. fig. 17 of S04) .
Finally, Figure 5 (c) displays the joint distribution of ρ i and k B×J , each computed cell by cell, initially (orange), , compared to a "Braginskii" collision frequency (purple), the collision frequency required to maintain marginal firehose/mirror stability (green), a parallel-streaming frequency (orange), and the particle-averaged Ω i (yellow).
at the start of the kinematic phase (blue), and in saturation (green). Points rightward (leftward) of the dotdashed line exhibit perpendicular magnetic structure on scales ρ i ( ρ i ). At early times, this structure is driven by kinetic instabilities and the emergent folded-field geometry, with an appreciable fraction of the plasma having ρ i larger than the field-reversal scale. As B increases, the mode of the distribution crosses into the magnetized region at t/t corr ≈ 5 and settles when the dynamo saturates (t/t corr ≈ 25). As this happens, the bulk of the plasma becomes well magnetized on the folding scale.
DISCUSSION
The initialization and sustenance of the plasma dynamo rely heavily on the production and saturation of kinetic Larmor-scale instabilities, which effectively render the plasma weakly collisional by pitch-angle scattering particles. This scattering causes much of the overall evolution of the plasma dynamo to resemble the Re ∼ 1, Pm ≫ 1 MHD dynamo, including an analogous "kinematic" phase during which the magnetic energy experiences steady exponential growth. 
t/t corr = 0 t/t corr = 2.5 t/t corr = 57 firehose/mirror, a Kolmogorov-like cascade of perpendicular kinetic energy to ion-Larmor scales, and a fieldbiased anisotropization of the velocity field. There is only one other publication to date using kinetic simulations to investigate the plasma dynamo (Rincon et al. 2016) .
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Those authors focused on the transition from the unmagnetized (L/ρ i ≪ 1) to the magnetized (L/ρ i ≫ 1) regime, with a parameter study conducted to obtain the critical Rm at which the dynamo operates. Where our results overlap with theirs, we find broad agreement. However, in the magnetized regime investigated here, computational expense prevented those authors from proceeding beyond the initial rapid-growth phase driven primarily by the mirror instability. Our finding that this rapid growth eventually gives way to a more prolonged and leisurely exponential growth casts doubt upon their suggestion that the plasma dynamo is self-accelerating, with γ increasing as B grows. Such an idea had been theorized previously: Schekochihin & Cowley (2006a) , Mogavero & Schekochihin (2014) , and Melville et al. (2016) conjectured that the firehose/mirror-endowed dependence of Re on β i might result in an accelerating parallel-viscous-scale rate of strain, leading to explosive growth on cosmologically short timescales. However, Rincon et al. (2016) 's finding of increasing γ with decreasing β i0 (∝(k F ρ i0 ) 2 in their set-up) might instead be due to the role of k F ρ i0 in setting M for a given energyinjection rate and in facilitating initially rapid magneticfield amplification by kinetic instabilities, topics that will be explored in a separate publication.
Clearly, efforts should focus on capturing the ν eff ∼ Ω i → k v thi → Sβ i transitions before saturation occurs at β i M 2 ∼ 1. Sorting this out is crucial not only for definitively testing theories of explosive dynamo, but also for determining the effective Re of the turbulent ICM (e.g., Fabian et al. 2005; ZuHone et al. 2018) , which affects viscous heating (e.g., Lyutikov 2007; Kunz et al. 2011; Zweibel et al. 2018 ) and the integrity of cold fronts (e.g., ZuHone et al. 2015) and rising bubbles (e.g., Fabian et al. 2003) . Progress on these issues is now underway.
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